Abstract. The ergometer can be a versatile means of measurement if attachments are developed for special purposes or if attachment is developed for multi-uses. In this study, an ergometer attachment for the measurement of power was designed and the measurement of power and the maximum anaerobic power in swimming was tested. A rotation drum was attached to one pedal of an ergometer. The rotation of this drum was synchronized with the rotation of the pedal. One end of a wire for a traction by a swimmer was connected to the drum. The other end of the wire was attached to a belt around the waist of a swimmer. The swimmer swam at full strength, thus causing the drum to rotate. The rotational velocity of the drum was detected as voltage by a magnetic permanent motor and transformed to wire tractional velocity; this velocity was equal to swimming velocity. The wire tension (=load) was controlled by a load adjusting lever of the ergometer. This wire tension was equal to the load which was added to the swimmer. The power calculation was based on a curved regression equation approximated from the load and the velocity. This equation was shown as follows; (P + a) (v + b) = (P0 + a)b or its development (P + a)v = b(P0 P) and provided that P: force or load, v: swimming velocity, P0: maximum tractional force, a and b: constants. This ergometer attachment made it possible to measure and evaluate the power and the maximum anaerobic power in swimming with ease and at low cost. Measurement and evaluation are easily performed using the system, which is just one example of the possible applications of the ergometer.
Introduction
The bicycle ergometer (ergometer) is one of the most common systems for the assignment of a mechanical work rate in human exercise and is used with high frequency for general training, physical therapy, and for measuring physical fitness. Exercise physiological measurements, for example, the maximum oxygen uptake (VO2max), anaerobic threshold (AT), physical work capacity (PWC), and maximum anaerobic power (Pmax) are frequently measured using an ergometer (Inbar et al., 1981; Miyashita et al., 1983 (1); Miyashita et al., 1983 (2); Nakamura, 1987; Yamaji et al., 1989) .
Topics such as safe exercise, exercise for health, relaxation or development of performance in athletes of competitive sport have been studied using these measurements. For example, for the development of performance in athletes of competitive sport, kinetic analysis has been done using computer simulation based on these measurements. Takagi et al. reported the most accurate model of the last spurt in endurance running using computer simulation. The model which Takagi et al. constructed was based upon the energetic metabolism made up of anaerobic and aerobic metabolism (Takagi et al., 1994) . In their study anaerobic metabolism was approximated by anaerobic power evaluated using power measurement such as the Wingate test. Moreover, aerobic metabolism was approximated by aerobic power evaluated using the maximum oxygen uptake (VO2max).
As is generally known, these measurements or evaluations are done using systems involving the assignment of a mechanical work rate such as a treadmill imitating running or an ergometer imitating riding a bicycle. However, few such systems have been created for activities such as swimming which are performed in water. Moreover, already-existing systems such as the swim-mill, water flow processor or power processor are very expensive and are difficult to operate and keep the good condition. Especially, the costs of these systems are over thousands dollars. The cost of the most expensive swim-mill is beyond far hundreds thousands dollars. Mainly because of these expensive price, the assignment of a mechanical work rate in swimming has not been common. In the results, VO2 or the maximum anaerobic power measurement in swimming has not almost been tested although these measurements in running or cycling has tested with high frequency.
The purpose of this present study was to develop a low cost and easily operated ergometer attachment with using an existing ergometer for the measurement of power and maximum anaerobic power in swimming. In order to confirm the performance of this purpose, the relationship between power in swimming measured by this ergometer attachment and performance was studied (Experiment 1) and the maximum anaerobic power in swimming is tested using this attachment (Experiment 2).
If measurement and evaluation are easily performed using the system, this study will be just one example of the possible applications of the ergometer. Fig. 1 shows the outline of the system for measuring power and the maximum anaerobic power (Pmax) in swimming. There are two basic approaches to the measurement and evaluation of power in swimming. One is a system which produces an artificial water flow and changes the velocity of the flow. The other is a system in which a swimmer tracks a wire loaded with a fixed tension, as in a power processor, which is a ready-made system. In this study, the latter principle was accepted.
Development of Ergometer Attachment
A rotation drum, which was made in the laboratory for this study, and a stepping magnetic motor (Nippon Servo Corp: KP3P8) for use as a generator was attached to an ergometer. When a swimmer tracked a wire connected to the drum, the voltage generated was transformed to swimming velocity. Moreover, power as an assignment of a mechanical work rate was calculated from the product of the load (wire tension) and the swimming velocity. In the core of the ergometer, a pedal shaft and a fly-wheel were connected by a gear chain. Friction resistance is controlled by changing the wire tension through a belt bound around the fly-wheel. Fig. 2 shows the rotation drum made for this study. Both ends of the drum used plywood and the center portion around which the wire was wound was made up of 24 aluminum pipes, each with a diameter of 8.6 mm. The circumference of this center portion was 1.0 m and its width was 85.0 cm. The drum was bolted to the ergometer by 4 stainless steel stays, which were readymade. They were attached to the gear plate of the right-hand pedal at 15-degree intervals. The appropriate circumference of the drum (100.0 cm) was calculated as follows; 1000.0 mm/24 = 41.67 mm. (41.67 mm/2)/sin7.5 = 159.6 mm. 159.6 mm (4/2+8.6/2) = 153.3 mm.
From these calculations, 24 aluminum pipes were fixed to form a radius of 153.3 mm (306.6 mm diameter). Fig. 3 shows the fixation of the stepping magnetic motor. The stepping magnetic motor was fixed on the left pedal, the rotation of a drum is transmitted to the motor through a rubber gear fixed on the left pedal of an ergometer. Using a rubber gear dampens any effect on the motor from the drum vibrations during wire traction. As mentioned above, this motor is used as a generator for detection of wire tractional velocity (tractional swimming velocity). The voltage from the rotation of the drum is transmitted to a personal computer through an A/D converter.
The characteristics of this motor are indicated by the following formula; N=(1/6) · qs · p (provided N: Rotation velocity (rpm), qs: step angle (deg), p: pulse rate (pps)). However, this system used the formula V(m/s)=Voltage(v)/ 2.57 which was obtained from experimental data (Fig. 4) for detecting voltage. Fig. 5 shows the computer program flow chart for power and maximum anaerobic power calculation. These calculations begin with inputting a measurement time ranging from 0.1 sec to 33.0 sec. The maximum tractional force in swimming (MTF) is measured using an electric tension meter and that force is input into a computer. Select the load of the ergometer, input this load and start measurement (tractional swimming). Voltage is detected from the rotation of the motor synchronized with the rotation of the drum. Voltage is then transformed to swimming velocity. A power calculation is done with the multiplication of this swimming velocity and load after 0 has been input.
The maximum anaerobic power calculation is done by the following procedure. ( 1) and its development
provided P is wire tension (load or force), V is velocity, P0 is the maximum tractional force in swimming, and a and b are constants (Fig. 6 ). These equations show the right- angular hyperbola. These equations are well-known as Hill's equation which approximates the relationship between force and velocity in muscular contraction (Hill, 1938) . In this study, Hill's equation is applied as a kinetic model, although it has also been proven as a bio-chemical model from the point of thermodynamics and energy supply. Its role as a bio-chemical model has not been referred to in this study. To calculate the power in each load, Eq.2 is transformed to
In this formula, experimental values of P0, P and V have been input. Constants a and b have been decided by the relationship between P and (P0 P)/V. In addition, Eq.2 is transformed to the formula
Load (P: force) is multiplied on both sides of Eq.3, and Eq.4 is transformed to
Eq.5 shows power (PV) curve to load (P: force) (Fig. 6 ).
To calculate the load condition at the maximum point on this power curve (SPmaxF), Eq. 5 is differentiated in condition of D(PV)/DP=0. Eq.5 is transformed to
In the conditions of Eq.6, the power curve indicates the maximum. To calculate the maximum power, P0, P and constants are input into Eq.4. (Kaneko et al.; 1972) . This procedure is programmed into the flow chart (Fig. 5 ). This system is low-priced because it uses a commercially available ergometer and computer, while the other parts, for example the rotation drum, can be hand-made. It is far less expensive than existing systems such as the swim-mill or power processor.
Experiments

Experiment 1
The relationship between 7.0 kgf tractional swimming power (7 kgSP) and swimming performance (SP) was studied using the ergometer attachment.
Subjects were 71 junior elite swimmers (31 male swimmers and 40 female swimmers) who were junior and senior high school students designated to train by N prefecture Swim Association (NSA) in 1996 and 1997. The silver medalist of the swimming world championship in 1998 also participated.
Load was set at 7.0 kgf. Load was set by an operation using an adjusting lever on the core of ergometer. In general, kp (kg · pound) has been used as the unit of load using in the ergometer. However, kgf has been used in this system in order to be easy for the power calculation. Before experiments, the confirming of the scale relationship between kp and kgf was done using a tension meter and kgf instead of kp was inputted into this system program. In this results of unit confirming, 0.0 kp was 1.0 kgf, 0.5 kp was 4.0 kgf, 1.0 kp was 7.0 kgf and 1.5 kg was 10.0 kgf. The scale relationship between kp (X) and kgf (Y) in this system was Y=3.0X + 1.0.
Moriya reported that the highest (peak) power was detected at a tractional load condition of around 8.0 kgf using the above-mentioned power processor with adult elite swimmers in Japan (Moriya et al.; 1995) . We selected 7.0 kgf somewhat rather than 8.0 kgf because 7.0 kgf was easy and correct to adjust using an adjusting lever on the core of ergometer and the subjects in this experiment were not adult but junior elite swimmers.
Measurement was done according to the abovementioned procedure to calculate the power programmed into the computer. Measurement time was set at 7 seconds. Each subject, wearing the belt with the attached wire, was instructed to swim at full strength with 7 kgf traction without kicking on the wall of the pool.
The performance in swimming (SP) in each event (the crawl, back stroke, breast stroke and butterfly) was standardized by the following formula: SP = Standard time in Japanese Swimming Association (Sec) ‚ Record of each subject (Sec).
Each subject's standard time and record for the distance of 100 m was selected in this study because this power measurement is related to anaerobic process, accordingly, approximately 80% of the energy required to swim 100 m was supplied by this anaerobic process.
Experiment 2
The maximum anaerobic power in swimming (SPmax) was measured and calculated using the ergometer attachment system. Subjects were 20 male junior elite swimmers designated to train by NSA. As in Experiment 1, the measurement was done according to the procedure programmed into the computer.
The maximum tractional force in swimming (MTF) of each subject was measured by an electric tension meter and input into the computer. Each subject tracked the 4 different loads of 1.0 kgf, 4.0 kgf, 7.0 kgf and 10.0 kgf. Each subject swam once at each different load traction (2 subjects swam only 3 times). Measurement time was set at 7 seconds as in Experiment 1. Subjects were instructed to swim at full strength with each load traction.
In this experiment, the SPmax in each event and the different load conditions for detecting the maximum power in each event were studied.
Results
Experiment 1 Fig. 6 shows the relationship between 7.0 kg SP(X) and PS(Y) in female back stroke as an example of the results. The highest power and performance in this figure was recorded by the silver medalist of the world swimming championship in 1998. The relationship between 7 kgSP and PS was Y=67.793 + 0.61X, the correlation coefficient was R=0.993 (R2=0.872), and this relationship was highly significant statistically. Table 1 shows the relationship between 7 kgSP(X) and PS(Y) in each event. In every event except the male breast stroke, the results were highly significant statistically. Fig. 7 shows an example of the force-power curve and the force-velocity curve. (In this study, the term load is used when discussing the system, while the term force is used when discussing a swimmer.) The force-velocity curve was shown by the right angular hyperbola approximated as (P + 7.02) (v + 0.36) = (P0 + 7.02) 0.36 (Back stroke 1 in Table 2 ). Table 2 shows velocity and power of each load and the SPmax and loads detected SPmax (PmaxF) of each subject. SPmax in the breast stroke was the highest power of the 4 events, continuing with the butterfly, crawl and back stroke. The PmaxF of the crawl was almost equivalent to that of the back stroke, and that of the butterfly was almost equivalent to that of the breast stroke.
Experiment 2
The constant, however, of "a" as a force factor in the hyperbola equation in the breast stroke displayed a different order in comparison with other events (the average of the constant "a" in the breast stroke was 14.14, the crawl was 4.97, the back stroke was 5.23 and the butterfly was 7.17).
Discussion
As mentioned above, there are few systems which measure the assignment of a mechanical work rate of an exercise in water such as swimming. Moreover, alreadyexistent systems such as the swim-mill, the water flow processor or the power processor for swimming (PPS) are very expensive and difficult to operate. Therefore, we developed an ergometer attachment for the measurement of a mechanical work rate with ease and at low cost in swimming.
The system using the ergometer attachment for swimming (EAS) in this study has introduced a means of a tractional swimming against a wire loaded with a fixed tension as with PPS. This type of swimming has been named resisted swimming.
One type of resisted swimming is fully-tethered swimming, which is tractional swimming without driving forward (Bollenes et al., 1988; Clarys et al., 1988; Ria et al., 1990) . Another type is semitethered swimming (STS), which is tractional swimming with driving forward (Clarys, 1988; Costill, 1983; Costill, 1986; Hooper, 1983; Maglischo, 1985; Rohrs, 1982; Rohrs, 1992) . The resisted swimming used in EAS or PPS is STS.
Generally it has been thought to be important to determine whether the movement or the muscular contraction of a swimmer is the same as that in free swimming movement, in order to best apply the results of research in muscular and power training to the improved performance in competitive swimming (Clarys, 1988; Sharp, 1982) . Swimming movements of a swimmer using PPS are the same as the movement of free swimming aside from the traction wire. Training in swimming using PPS has been judged to be effective from following reasons; 1. PPS makes it possible to add a load to a swimmer under a movement of the same as a free swimming (Clarys, 1988) . 2. Various types of stimulation can be added to a swimmer by changing the load setting (Moriya et al., 1995) . 3. Swimming performance has been evaluated as having high validity based on the measurement of power, velocity and tractional force in swimming using PPS (Costill, 1983; Costill, 1986; Hooper, 1983; Rohrs, 1982; Rohrs, 1991) .
With EAS, a means of STS has been introduced using tractional swimming, as with PPS. Therefore, it is supposed that a training or a measurement in a swimming using EAS can be effective because swimming using EAS has also been based on free swimming. To prove these points, Moriya suggested that the relationship between the load the power and the relationship between performance and power needed clarification. Additionally, the most suitable load for training in swimming remains to be clarified (Moriya et al., 1995) .
As shown in Fig. 6 and Table 1, 7 kgSP was related with the performance of each event in swimming. These results demonstrate that EAS based on STS is valid for the evaluation of performance in swimming. In addition, Fig. 8 shows the relationship between SPmax (Y) and 7 kgSP (X) in Experiment 2. This relationship was Y= 50.44 + 2.14X, the correlation coefficient was R=0.913 (R2=0.833), shown to be highly significant. This result demonstrates that the performance in swimming can be evaluated by SPmax. Until now, when performance in swimming has been evaluated by power, a swim bench test or a wingate arm test has been used (Hawley et al., 1991; Sharp, 1982; Sharp, 1986; Takahashi, 1993) . Costill (1985) and Sharp (1986) suggested, however, that when the performance of subjects was almost equal and at a high level, the correlation between the performance in swimming and the power measured by these tests was low. They proposed that STS was the most suitable evaluation method in swimming in these cases. In this study, subjects ranged from junior to senior high school, students and the performance levels of subjects was not equal. A future study of subjects with a nearly equal performance level using the EAS is needed to investigate its suitability.
Curved equations showing the relationship between load and velocity approximated by the right-angular hyperbola was calculated as shown in Fig. 7 . The most suitable load for training can be decided by the load (force) which produces the maximum power in the forcepower curve. Power in Swimming) and 7 kgfSP Moriya et al. (1995) reported on the relationship between loads which a swimmer tracked and velocities showing the reverse-angular hyperbola using PPS. Costill (1986) suggested the same. Moriya et al. investigated this relationship by measuring tractional swimming velocities at 18 different loads from 1 kgf to 25 kgf. This relationship, however, did not include the maximum velocity in free swimming and the maximum tractional force (MTF) in fully tethered swimming. When the maximum velocity and the MTF are included in the relationship between load and velocity, this relationship becomes the right-angular hyperbola shown in Fig. 7 . For example, in the report of Moriya et al., the velocity of the crawl in 1 kg tractional swimming was 1.53 m/sec. With the crawl at 100 m, the maximum velocity is about 1.90 m/sec. This means a rapid increase in velocity between 1 kg and 0 kg. In addition, the decrease rate of the velocity slows in the range between 15.0 kg and 25.0 kg in comparison with the range between 1.0 kg and 15.0 kg (Moriya et al., 1995) . This proves that the relationship between load and velocity is approximated to the rightangular hyperbola when the maximum velocity and the MTF are included in the calculations.
The EAS introduces a simple procedure for calculating the power curve, namely, the relationship between load and power, based on the above-mentioned curved equation. In this system, the most suitable load can be easily determined by SPmax, yielding a similar load to that calculated using PPS. The load at the maximum power for the crawl and back stroke was roughly 8 or 9 kgf and that for the breast stroke was around 20 kgf. The load at the maximum power for the butterfly was 18 kgf in this study, which differs from the load of 8 kgf reported by Moriya et al. (1995) . Moriya et al. (1995) pointed out the influence of the power change in each phase of a stroke cycle. They noted that the range of acceleration and deceleration was wide in the breast stroke and narrow in the other three strokes. In this study, however, the load at the maximum power for the butterfly was closer to that for the breast stroke than that for the crawl or back stroke.
Generally, the most suitable load in weight training has been decided by the force-power curve. This has been based on power consisting of the force factor and the velocity factor. Determination of the most suitable load in EAS for swimming applies this basis. The load in the maximum power in the force-power curve is the most strongly related to these two factors. Therefore, it is possible to train effectively at this load. As mentioned above, the load for the butterfly in this study is different from that in the Moriya et al. report (1995) . The most effective training based on the two factors can not be done without determination of the load at the maximum power. The difference between the results in the Moriya et al. study and in this study has been left as a problem to be solved for effective training in swimming in the future.
One point for future consideration is the necessity of reconfirming the constants "a" and "b" in the forcevelocity curve of each event. The constant "a" provides thermal efficiency and "b" provides energetic supplied velocity from the viewpoint of exercise physiology. In this study, only the constant "a" in the breast stroke was different from that of the other three events. In this aspect, the characteristics of the butterfly may be closer to those of the crawl and back stoke. The constant "b" in the butterfly, however, was different from that of the other three events. When the constant "a" is large or "b" is small, the efficiency in muscular contraction is poor (Miyake et al., 1998) . Because each movement consists of many muscular contractions, the relationship between the constants and efficiency in exercise may be applied to a movement such as swimming. When applied, the butterfly is found to be close to the breast stroke.
While some points still remain to be improved, this ergometer attachment system for the assignment of a mechanical work load in swimming has proven to be a low-cost and easily-used method. Measurement and evaluation are easily performed using the system, which is just one example of the possible applications of the ergometer.
